We present a detailed analysis of the radial distribution of light-element multiple populations (LEMPs) in the massive and dense globular cluster M 80 based on the combination of UV and optical Hubble Space Telescope data. Surprisingly, we find that first generation stars (FG) are significantly more centrally concentrated than extreme second generation ones (SG) out to ∼ 2.5r h from the cluster center. To understand the origin of such a peculiar behavior, we used a set of N-body simulations following the long-term dynamical evolution of LE-MPs. We find that, given the advanced dynamical state of the cluster, the observed difference does not depend on the primordial relative distributions of FG and SG stars. On the contrary, a difference of ∼ 0.05 − 0.10M between the average masses of the two sub-populations is needed to account for the observed radial distributions. We argue that such a mass difference might be the result of the higher He abundance of SG stars (of the order of ∆Y ∼ 0.05 − 0.06) with respect to FG. Interestingly, we find that a similar He variation is necessary to reproduce the horizontal branch morphology of M 80. These results demonstrate that differences in mass among LE-MPs, due to different He content, should be properly taken into account for a correct interpretation of their radial distribution, at least in dynamically evolved systems.
INTRODUCTION
Almost all massive (> 4 − 5 × 10 4 M ) and relatively old (> 2 Gyr) globular clusters (GCs) studied with spectroscopic or photometric observational investigations have been shown to host light-element multiple populations (LE-MPs) characterized by different abundances in a number of light-elements (e.g. C, N, Na, O, He, Al, Mg).
LE-MPs appear to be ubiquitous as they have been directly observed in Galactic globular clusters (e.g. Gratton et al. 2012 , for a review) as well as in external systems, such as the Magellanic Clouds and the Fornax dwarf galaxy (Mucciarelli et al. 2008; Larsen et al. 2014; Dalessandro et al. 2016 ). Moreover, their presence has been indirectly constrained in the GC systems of M31 and M87 (Chung et al. 2011; Schiavon et al. 2013) .
LE-MPs manifest themselves in very different ways in the color-magnitude diagrams (CMDs) when appropriate filter combinations are used. In particular, (near-)UV filters are efficient in separating LE-MPs in CMDs as variations of the OH, CN, CH molecular bands have particularly strong effects in the spectral range 3000 < λ (Å) < 4000 (Sbordone et al. 2011) . Indeed, recent and extensive UV Hubble Space Telescope observations, like The UV Legacy Survey of Galactic Globular Clusters , have allowed a significant leap in our understanding of LE-MPs and their census in GCs. These observations have shown that GCs can host from two up to seven (photometrically distinct) stellar populations and their relative number ratios can vary from one cluster to another with some dependence on cluster mass Milone et al. 2017) .
CN-weak, Na-poor stars are commonly referred to us as first generation/population (FG) and the CN-strong, Na-rich ones as second generation/population (SG). Both are believed to have formed during the very early epoch of GC formation and evolution (∼ 10 − 100 Myr - Decressin et al. 2007 ; D' Ercole et al. 2008; de Mink et al. 2009; Denissenkov & Hartwick 2014) . However, no consensus has been reached on the multiple population formation history yet and we still lack a complete self-consistent explanation of the physical processes at the basis of the LE-MP and GC formation.
The key to shedding new light on the MP phenomenon is a comprehensive description of their properties by means of state-of-the-art photometry and spectroscopy combined with an in depth characterization of their kinematics. Indeed a number of theoretical studies have predicted that SG and FG stars would form with different initial spatial and kinematical properties (see e.g. D 'Ercole et al. 2008 ) and some clusters could still retain some memory of these primordial differences (see e.g. Mastrobuono-Battisti & Perets 2013; Vesperini et al. 2013; Hénault-Brunet et al. 2015) .
Observational evidence of kinematic differences between FG and SG stars have been recently found in a few clusters (see Richer et al. 2013; Bellini et al. 2015; Cordero et al. 2017 ) based on proper motions and radial velocities. In addition, SG stars are generally observed to be more centrally concentrated than FG ones (e.g. Bellini et al. 2015; Dalessandro et al. 2016; Massari et al. 2016 , for recent results), while only in a few clusters, namely NGC 6362 (Dalessandro et al. 2014) , NGC 6121, NGC 6752 (Nardiello et al. 2015) and M 13 (Savino et al. 2018) , FG and SG stars show the same radial distribution. Such a lack of difference in the radial distributions is typically interpreted as the result of a cluster's advanced dynamical evolution Vesperini et al. (2013 , see also Miholics et al. 2015 and significant mass-loss due to both two-body relaxation and interaction with the host galaxy.
In this context, very peculiar is the case of M 15 (Larsen et al. 2015) where FG stars are found to be more centrally concentrated than the SG out to the cluster's half-light radius, while beyond this radius the trend is inverted and the SG population is more concentrated than the FG one (Lardo et al. 2011) . However, this result has been recently questioned by Nardiello et al. (2018) .
Following on the variety of results revealed by these observational studies and the possible constraints they provide for our understanding of GC formation and dynamical evolution, in this paper we report on the radial distribution of LE-MPs in the massive and dense GC NGC 6093 (M 80). The presence and classification of LE-MPs in M 80 have been previously discussed by Piotto et al. (2015) and Milone et al. (2017) and we refer the readers to these papers for further details. Based on both the number and radial distribution of its Blue Straggler Star (BSS) population, Ferraro et al. (2012) classified M 80 as a dynamical old (i.e. dynamically evolved) stellar system (see also Lanzoni et al. 2016) . Indeed it has been suggested to be in a transient dynamical state during which stellar interactions are delaying the core-collapse process leading to the observed very high fraction of BSS (Ferraro et al. 1999) .
The paper is structured as follows. In Section 2 the adopted data-sets and data-reduction procedures are described. Section 3 reports on the LE-MP selection in the CMD and Section 4 on their radial distributions. In Section 5 we present the results of a set of N-body models aimed at providing some theoretical guidance on the interpretation of our observational results. In Section 6 we analyze the horizontal branch morphology of the cluster to constrain the maximum He variation among LE-MPs. In Section 7 we summarize the main results.
OBSERVATIONS AND DATA ANALYSIS
To study the radial distribution of M 80 we used a combination of HST WFC3/UVIS images acquired in the F275W, F336W and F438W bands through proposal GO-12605 (PI: Piotto) , data obtained with the ACS/WFC in the F606W and F814W bands (GO-10775, PI: Sarajedini) and one ACS/HRC image obtained in the F250W band acquired through proposal GO-10183 (PI: Knigge). Details about each data-set are reported in Table 1 . Appropriate dither patterns of tens of arcseconds have been adopted for each pointing of the WFC3/UVIS and ACS/WFC data-sets in order to fill the inter chip gaps and avoid spurious effects due to bad pixels.
For WFC3/UVIS and ACS/WFC samples we used images processed, flat-fielded, bias subtracted and corrected for charge transfer efficiency (CTE) by the standard HST pipeline (flc images). The most updated pixel-area-maps (PAM images) were applied independently to each chip and image. For the ACS/HRC photometry, we used the flat-fielded, bias subtracted, CTE corrected and cosmic ray rejected image produced by the standard HST pipeline (crj image).
The photometric analysis has been performed independently on each chip by using DAOPHOT IV (Stetson 1987) . Tens of bright and isolated stars have been selected in each frame to model the pointspread-function. For the following analysis we took advantage of the reduced crowding conditions at UV wavelengths by using the so-called "UV-route" approach, which is particularly effective for very dense systems like M 80 (see for example Ferraro et al. 1998 Ferraro et al. , 2003 Dalessandro et al. 2008 Dalessandro et al. , 2009 Raso et al. 2017) . Briefly, a first star list has been obtained for each image by independently fitting star-like sources above the 5σ level from the local background. Starting from these preliminary catalogues, we then created two UV master-lists. For the most crowded innermost regions, we created a master-list by using stars detected in the HRC F250W image, which provides a better sampling than the WFC3 and helps to properly resolve the central regions. In the WFC3 field of view (FOV) complementary to HRC, the master-list has been obtained by using stars detected in at least half of the F275W images. At the corresponding positions of stars in the combined WFC3+HRC master- lists, a fit was forced in all the available images using DAOPHOT/ALLFRAME (Stetson 1994) . For each star thus recovered, multiple magnitude estimates obtained in each chip were homogenized by using DAOMATCH and DAOMASTER, and their weighted mean and standard deviation were finally adopted as star magnitude and photometric error.
Instrumental magnitudes were reported to the VEGAMAG photometric system by using equations and zero-points reported in the dedicated HST web pages.
By using the F606W and F814W magnitudes and following the approach described in Milone et al. (2012a) we estimated the differential reddening within the WFC3/UVIS FOV. Briefly, we rotated the optical CMD onto a photometric reference frame where the abscissa is parallel to the reddening vector. In this reference frame we then defined a fiducial line along the brighter portion of the MS and calculated the distance (d redd ) from it along the reddening direction of stars in that magnitude range, which were used as reference stars. For each star in our catalog we computed the average value of d redd of the 30 closest reference stars, which was then used to derive the reddening variation to associate to that star. We find a maximum variation ∆(E(B − V )) ∼ 0.045 mag within the entire FOV. The following analysis is based on differential-reddening corrected magnitudes.
Instrumental coordinates were reported onto the absolute system (α, δ) by using the stars in common with the ACS Survey of Galactic Globular Clusters catalog 1 as secondary astrometric standards and the cross-correlation software CataXcorr.
The resulting (m F 275W , m F 275W − m F 438W ) CMD for stars in the WFC3 FOV is shown in Figure 2 . The CMD shows clearly the presence of a well extended and multi-modal Horizontal Branch (e. g. Table 1 . Summary of the HST data-sets used in this work. Ferraro et al. 1998; Dalessandro et al. 2011b ) and of a large populations of BSSs (Ferraro et al. 2003) describing an almost vertical sequence extending for about 2 magnitudes in F275W.
For the analysis of the horizontal branch, we used the HST WFPC2 catalog (see details about the data-set in Table 1 ) published by Ferraro et al. (1998) . For the present analysis magnitudes were reported to the VEGAMAG photometric system and corrected for CTE by means of the prescription by Dolphin (2000) and updated equations listed in the Dolphin's website 2 . We remind that the adoption of the F160BW far-UV band and the use of the (m F 160BW , m F 160BW − m F 555W ) CMD is key for clusters with an extended horizontal branch such as M 80. In fact, in this diagram, the hottest HB stars are the most luminous and lie along almost horizontal sequences whose luminosity is very sensitive to the initial Y abundance irrespective of the precise value of the stellar mass. 
). This UV color combination has been used to characterize the LE-MP properties in a large sample of GCs within The HST UV Legacy Survey of globular clusters Milone et al. 2017) . The combination efficiently highlights the presence of LE-MPs since it traces simultaneously the strength of the OH, NH and CH molecular bands. We verticalized the distribution of RGB stars in the magnitude range 17.7 < m F 336 < 19.4 in the (m F 336W , C 275,336,438 ) diagram with respect to to two fiducial lines at the bluest and reddest color edges of the RGB (left panel of Figure 3 ), which have been drawn to include the bulk of RGB stars in the considered magnitude interval. The derived verticalized color distribution (∆ C 275,336 ,438 ) appears to shows three main components (middle panel of Figure 3 ) that we fit with Gaussian Mixture Models (GMMs). The result of the fit is shown in the middle panel of Figure 3 . Three components can be identified that we classified as FG (red), SG INT (intermediate SG -green) and SG EXT (extreme SG -blue) for increasing values of ∆ C 275,336,438 as the RGB is populated by stars increasingly enhanced in N moving from red to blue colors. From the areas under the gaussian functions, we computed the number ratios among different sub-populations. In particular, we find that N FG /N TOT = 0.395 ± 0.023 (where N FG is the number of FG stars and N TOT the total number of stars selected along the RGB), which is compatible within the errors with that obtained by Milone et al. (2017) 
Because of the combination of intrinsic color spreads and photometric errors, some degree of overlap is present among the selected sub-populations. To minimize possible contamination among them, in the analysis described in the next Sections we will use only stars with a probability P > 85% to belong to a given population.
The right panel of Figure 3 shows the so-called "chromosome map" (∆ 275,814 , ∆ C 275,336,438 ). ∆ 275,814 was obtained by verticalizing the distribution of RGB stars in the (m F 814W , m F 275W − m F 814W ) CMD with respect to the fiducial lines at the blue and red edges of the RGB. The three sub-samples our analysis is focused on are clearly separated in this diagram.
RADIAL DISTRIBUTION OF MULTIPLE POPULATIONS
To study the radial distribution of the LE-MPs of M80, we first derived the center of the cluster (C grav ). C grav was determined by using an iterative procedure that averages the positions α and δ of stars in a defined magnitude range and lying within a given distance from a first guess center. At each iteration star distances are re-calculated respect to the center obtained in the previous iteration until convergence is reached (see for example Dalessandro et al. 2013; Cadelano et al. 2017 , for more details). We used as starting guess center the one found by Goldsbury et al. (2010) . To avoid spurious and incompleteness effects, we performed various measures of C grav using stars in different magnitude intervals with lower limits in the range 20.9 < m F 275W < 21.3 and distance (d) from the cluster guess center in the range 0 < d < 30 − 40 . The resulting C grav is the average of all these measures, and it is located at (α = 16 h 17 m 2.481 s , δ = −22
• 58 34.098 ), with an uncertainty of about 0.17 . The newly determined center is located at ∼ 1 from that obtained by Goldsbury et al. (2010) . We analyzed the radial distributions of FG, SG INT and SG EXT stars with respect to C grav within the entire WFC3 FOV. The WFC3 FOV extends out to ∼ 2.5 × r h (where r h is the half-light radius -r h = 36.6 ; Harris 1996, 2010 edition) and samples ∼ 80% of the total light of the cluster. Figure 4 shows that the cumulative radial distributions of the three sub-populations are significantly different. Surprisingly we find that FG stars are more centrally concentrated than the other two subgroups with the largest difference with SG EXT . According to the K-S test, the probability that the FG and SG EXT are extracted from the same parent population is P ∼ 10 −7 , while P ∼ 3 × 10 −3 for FG and SG INT stars. This result is qualitatively similar to what was found in M 15 by Larsen et al. (2015 , but see Nardiello et al. 2018 for a recent analysis of M 15 in which the trend found by Larsen In order to verify the effect of photometric incompleteness on the radial distributions shown in Figure 4 , we performed a large number of artificial star experiments following the approach described in Dalessandro et al. (2011a , see also Dalessandro et al. 2015 . We find that the three sub-samples have photometric completeness C > 95% in the entire area sampled by our analysis, therefore their radial distributions are virtually unaffected by completeness radial variation effects.
It has been shown that the difference in segregation between different sub-populations can be quantitatively estimated by using the parameter A + . It was first introduced by Alessandrini et al. (2016 , see also Lanzoni et al. 2016 ) as a mass-segregation indicator for BSS and it is simply defined as the area enclosed between the cumulative radial distributions of two samples of stars. A + has the advantage of not requiring binning of data and allowing an easy and direct comparison among different clusters.
Here we have used the cumulative radial distribution of SG EXT stars as reference and we adopted the following definition of A + :
where φ POP (x) is the cumulative radial distribution, x = (d/d max ) and d max is the maximum distance (expressed in units of r h ) within which A + is calculated. With such a definition star distances are always comprised in the range 0-1 and a more segregated FG sub-population leads to positive A+ values. Taking advantage of the wide area coverage, we have explored the radial variation of A+ by measuring it for three distances: 1.0, 1.5 and 2.0 r h from C grav ( Figure 5 ). With these prescriptions, we obtain A + (1r h ) = 0.02 ± 0.02, A + (1.5r h ) = 0.08 ± 0.02 and A + (2.0r h ) = 0.10 ± 0.01 when FG and SG EXT sub-populations are considered and A + (1r h ) = 0.0 ± 0.02, A + (1.5r h ) = 0.03 ± 0.02 and A + (2.0r h ) = 0.04 ± 0.02 for FG and SG IN T stars. Uncertainties in A + have been estimated by applying a jackknife bootstrapping technique (Lupton 1993) . A+ is recomputed by leaving out one different star from the two considered samples each time. In this way, given a sample of N stars, we end up with N estimates of A + computed on samples of N-1 stars. The uncertainty on A + is therefore σ A + = √ N − 1 × σ sub , where σ sub is the standard deviation of the A + distribution derived from N subsamples.
N-BODY SIMULATIONS
To understand to what extent the observational results presented in the previous sections represent an anomaly in the context of the current theoretical models for the formation and evolution of LEMPs, we have explored the evolution of the spatial distribution of FG and SG stars in two sets of N-body simulations following the long-term evolution of the structural properties of multiplepopulation clusters.
Our simulations start with 50000 stars equally split between FG and SG stars and have been run using the GPU-accelerated version of the code NBODY6 (Aarseth 2003; Nitadori & Aarseth 2012) . Both populations follow the spatial distribution of a King (1966) model with central dimensionless potential equal to W 0 = 7, but different values of r h . In particular, we have explored the evolution of two systems: one in which the SG population's r h (r -has been used to setup the initial conditions). The cluster is tidally limited and assumed to move on a circular orbit in the external potential of a host galaxy modeled as a point mass. As cluster evolves, it loses mass due to the combined effect of two-body relaxation and tidal truncation.
We emphasize that the simulations presented here are still simplified and not tailored to provide specific detailed models for M80. Our goal is to illustrate the general evolution of the spatial distributions of FG and SG stars using the A + parameter and provide a quantitative measure of the dynamical significance of the effect found in our observational analysis.
In panels a) and b) of Figure 6 we show the time evolution of the A+ parameter calculated for FG and SG stars with masses M F G = M SG between 0.80M and 0.85M (as appropriate for RGB stars in an old GC). Time is expressed in units of the instantaneous half-mass relaxation time, t r h. The A+ parameter is determined within three projected distances from the center: 1, 1.5, and 2 r h (dark turquoise, pink and blue curves respectively), with r h being the half-mass radius.
The systems start with the SG concentrated in the cluster's innermost regions, which, considering the definition of A + in Section 4, corresponds to negative values of A + . Panel a) shows the results for simulations starting with r corresponding to a mixed cluster (A + = 0). It is interesting to note that in our simulations A + can reach positive values for dynamically old and mixed systems (at, approximately, t/t rh > 5 − 10). However, we stress that they should not be interpreted as real inversions of the radial distribution, but only as small fluctuations not corresponding to any secular evolution.
We compare our N-body simulations with the observed values of A + (grey symbols in Figure 6 ) by focusing now on the comparison between FG and SG EXT , as they show the most discrepant and significant behavior. For simplicity in the following we will refer to them as FG and SG respectively. Clearly observations appear to deviate significantly from the range of values spanned by A + in our simulations when equal mass FG and SG are assumed and they are not compatible with the expected fluctuations. This suggests that the interpretation of the radial distribution of LE-MPs in M80 requires some additional dynamical ingredient.
First we note that even if we assumed that FG stars formed more concentrated than SG stars the two sub-populations would be mixed for a cluster with the dynamical age of M 80 (t/t r h ∼ 20). No matter what the details of the formation history of the cluster are and independently of which population was initially more concentrated, a primordial origin for the observed relative spatial distributions of the FG and SG populations observed in M80 seems difficult to reconcile with the cluster's long-term dynamical evolution.
We now investigate the possibility that the different radial distributions are due to a different average stellar mass of the two sub-populations. This would indeed be the case if the two populations are characterized by different helium abundances. This option was considered also by Larsen et al. (2015) to explain the inner inversion in the radial profile of the SG-to-FG number ratio found in M15. However, in that case the mass difference required was too large and inconsistent with the observations.
In Figure 6 panels from c) to f) we show the time evolution of A + calculated for FG stars with masses in the range 0.80 − 0.85M and SG stars with two different stellar mass ranges: 0.75 ≤ m/M ≤ 0.80 (panels c) and d)) and 0.70 ≤ m/M ≤ 0.75 (panels e) and f)). In these two cases the difference between the mean mass of FG stars and that of SG stars is, respectively, equal to about 0.05M and 0.1M . These mass differences correspond to an enhancement in the helium abundance of SG stars of ∆Y ∼ 0.05 − 0.06 (see Section 6). Figure 6 (panels from c) to f)) clearly demonstrates that when SG stars are assumed to be slightly less massive than FG stars, A + evolves towards positive values corresponding to a configuration in which the less massive SG stars are less concentrated than the more massive FG stars. Even the small mass difference we considered in our simulations is sufficient to significantly shift the values reached by A + late in the cluster evolution towards positive values. Such an effect brings the simulations in good agreement with the observational values of A + for M80. As a consequence, a different average mass between FG and SG EXT stars appears to be a viable solution to reproduce the unexpected radial distribution in this system.
Another possible explanation was proposed by Hénault-Brunet et al. (2015) who suggested that the preferential disruption of SG binaries (see e.g. Vesperini et al. 2011; Hong et al. 2015 Hong et al. , 2016 ) might lead to the higher central concentration of FG stars relative to SG stars observed in the central regions. No models or simulations were carried out in Hénault-Brunet et al. (2015) to test this hypothesis and it is unclear whether this is actually a viable option.
The solution based on mass differences seems to be dynamically robust. However, we note that this possibility should be further tested by additional studies of the spatial distributions in clusters with extreme populations characterized by non-negligible differences in helium. As shown by our simulations however, also in these cases a cluster needs to be dynamically old before the dynamical consequences of differences in mass manifest themselves in the spatial distribution of the two popula- tions. Moreover the extent of this effect may also depend on the radial coverage of the observational data used to calculate the A + parameter.
OBSERVATIONAL CONSTRAINTS ON HE ABUNDANCE VARIATIONS
In this Section we investigate whether the average He (mass) difference between LE-MPs inferred from the dynamical study (Section 5) is compatible with He-abundance-sensitive photometric features in the CMD. To this aim we use a proper comparison between theoretical models and the observed morphology of the horizontal branch (HB).
To constrain the He spread necessary to match the observed HB morphology of M 80, we employed the same approach described in detail by Dalessandro et al. (2011b Dalessandro et al. ( , 2013 , which is based on a comparison between synthetic HB calculations and UV-optical CMDs. For the portion of HB redder (cooler) than the RR Lyrae instability strip, this comparison is performed with stars within the black box in the (m F 336W , m F 336W − m F 555W ) CMD (Figure 7 , upper panel), while for bluer stars we take advantage of the reduced bolometric corrections at UV bands by using stars located within the box in the (m F 160BW , m F 160BW − m F 555W ) diagram (Figure 7 , lower panel). In both boxes stars are distributed almost horizontally in the corresponding CMDs. As a consequence in these regions the effect of He variations is more pronounced.
Our HB simulations require the specification of four parameters: the minimum value of Y (Y min , fixed to Y =0.246), the range of He abundances (∆Y ), the mean value of the mass lost along the RGB (∆M ) and the spread around it (σ(∆M )). Our synthetic HB code first draws randomly a value of Y (we assume for simplicity a uniform probability distribution) and determines the initial mass of a star at the RGB tip (M T RGB ) from interpolation among a set of BaSTI α-enhanced HB tracks and isochrones (Pietrinferni et al. 2006) with [Fe/H]=−1.62, and an age of 12 Gyr. The mass of the corresponding object evolving along the HB (M HB ) is then given by M HB = M T RGB − ∆M plus a random Gaussian perturbation σ(∆M ). The WFPC2 magnitudes of the synthetic star are then determined according to its position along the HB track with appropriate mass and Y, obtained by interpolation among the available set of HB tracks, after an evolutionary time t has been randomly extracted, assuming that stars reach the zero age horizontal branch (ZAHB) at a constant rate. We employed therefore a flat probability distribution for t ranging from zero to t HB , where t HB denotes the time spent from the ZAHB to the He-burning shell ignition along the early asymptotic giant branch. The value of t HB is set by the mass with the longest lifetime (the lowest masses for a given Y and Z). This implies that for some synthetic object the randomly selected value of t will be longer than its t HB or, in other words, that they have already evolved to the next evolutionary stages. The derived synthetic magnitudes are finally perturbed with a Gaussian 1σ error determined from the data quality and reduction procedures. As done by Dalessandro et al. (2011b Dalessandro et al. ( , 2013 , we mimicked the effect of radiative levitation by applying bolometric corrections appropriate for [Fe/H]=0.0 and scaled-solar mixture when the effective temperature is larger than 12000 K. Bolometric corrections and extinction effects have been calculated as in Dalessandro et al. (2011b) .
We adopted an average reddening of E(B − V ) = 0.18 (see the 2010 version of the Harris globular cluster catalogue -Harris 1996) . We then performed hundreds of HB simulations 3 by varying the distance modulus and exploring adequate ranges of ∆Y , ∆M and σ(∆M ) to reproduce both the lower envelope -defined as the faintest magnitude bin where the star counts are at least 2σ above zero-of the observed magnitude distributions in both the adopted boxes (Figure 7) , and the mean values (and 1σ dispersion) of the magnitudes in both boxes, with an accuracy better than 0.01 mag.
We find that the observed HB is best reproduced by a true distance modulus (m − M ) 0 = 15.14±0.05 (which is in good agreement with the literature (see e.g Harris 1996)) a maximum He variation ∆Y =0.055, a mass loss law given by ∆M =0.170 + 2× (Y -0.246) and a Gaussian spread σ(∆M )=0.015.
4 The resulting synthetic CMDs are shown in Figure 7 , Figure 8 shows a comparison between the best-fit model and the observed star count distributions for the HB population and Figure 9 shows the derived distribution of Y as a function of the (m F 336W − m F 555W ) and
This analysis demonstrates that a range of He abundance reaching ∆Y = 0.05 − 0.06 is needed to reproduce the HB morphology of M 80 and its magnitude is in very good agreement with that obtained by using dynamical constraints (see Section 5). We warn the reader that the exact values of the derived He abundances are subject to uncertainties mainly because of the assumptions made to simulate the effect of radiative levitation. However, we have verified that even assuming bolometric corrections appropriate for [Fe/H]= +0.5 to mimick radiative levitation, the quoted results change by ∆Y < 0.01. With this caveat in mind, it is interesting to note that Figure 9 shows that a significant fraction of HB stars has Y > 0.28 − 0.29 consistent with the number of SG stars observed along the RGB. This observational result provides independent support to the interpretation of the LE-MP relative radial distribution provided in Section 5 and based on the average mass difference between FG and SG EXT stars.
SUMMARY AND CONCLUSIONS
3 The number of stars in each simulation is much higher than the observed sample, to reduce the effect of statistical number fluctuations on the synthetic HB 4 The required total RGB mass loss ∆M increases with increasing Y . A ∆M constant with varying Y would not be able to cover the full observed color ranges, for the range of Y that matches the observed magnitude distributions. We have combined HST optical and near-UV images to study the radial distribution of the LE-MPs in the massive globular cluster M 80 out to ∼ 2.5 × r h . At least three sub-populations differing in terms of light-element abundances can be clearly identified along the cluster's RGB. Surprisingly we find that FG stars are significantly more centrally concentrated than both SG IN T and SG EXT sub-populations for the entire radial extension covered by our data, with the difference being more significant for FG and SG EXT stars.
Our puzzling findings seem to be in tension with models of formation of LE-MPs in GCs, which predict that SG stars form more centrally concentrated than FG ones and dynamical evolution gradually erase their initial differences eventually leading, for the most evolved clusters, to a complete spatial mixing. Indeed this result raises a number of questions concerning the possible role of cluster formation and dynamical history in determining the observed spatial distributions of FG and SG stars.
We used the A + parameter Lanzoni et al. 2016) to provide a quantitative measure of the difference in the FG and SG spatial distributions observed in M80. This parameter, initially introduced to study the degree of segregation of BSS in globular clusters, is extremely useful in performing homogeneous and quantitative comparisons of the distributions of different types of stars with other clusters and dynamical models.
In order to shed light on the extent to which this observational result is actually an anomaly, we present the results of a set of N-body simulations following the time evolution of A + in multiplepopulation clusters. We find that our simulations are not able to reproduce the observed values of A + when assuming that FG and SG stars have the same average mass. In fact, in dynamically evolved systems like M 80, simulations predict FG and SG to be totally mixed irrespective of their original configuration.
We have explored the possibility that the different spatial distributions are caused by different average stellar masses of the FG and SG stars. With this assumption, our N-body simulations are able to recover the range of observed values of A + . In particular, we find that by assuming a small difference in the average mass of ∆M ∼ 0.05 − 0.10M ( Figure 5 panels from c) to f)), the observed values of A + are nicely reproduced. We argue that the imposed mass of the two sub-populations can result from the different evolutionary time-scales of stars with a different He abundance of ∆Y ∼ 0.05 − 0.06. Interestingly, based on a detailed comparison between far-UV photometry and theoretical models, we find that such He variation is in fact needed to reproduce the observed HB morphology of the cluster. Therefore a mass difference between the FG and the helium enriched SG populations provides a plausible and dynamically robust interpretation of our observational result.
Our analysis has shown that small differences in the average mass may play a critical role in shaping the radial distributions of LE-MPs in dynamically evolved systems and therefore they should be carefully accounted for in the interpretation of the observed radial distribution differences, in particular for dynamically evolved systems. A more extended survey of simulations covering a broader range of initial conditions would be necessary to further explore these issues and provide a more comprehensive characterization of the extent of the expected differences in the spatial distribution for different radial coverage and dynamical ages. On the observational side, additional studies aimed at exploring the spatial distributions of extreme SG populations are essential to provide additional constraints for the study of the dynamics of multiple populations and the manifestations of the possible differences in the masses of FG and SG stars.
